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Abstract 

Muscle regeneration involves the activation of satellite cells, is regulated at the genetic and epigenetic levels, and is strongly 
influenced by gene activation and environmental conditions. The aim of this study was to determine whether the 
overexpression of mlGF-1 can modify functional features of satellite cells during the differentiation process, particularly in 
relation to modifications of intracellular Ca 2+ handling. Satellite cells were isolated from wild-type and MLC/mlGF-1 
transgenic mice. The cells were differentiated in vitro, and morphological analyses, intracellular Ca 2+ measurements, and 
ionic current recordings were performed. mlGF-1 overexpression accelerates satellite cell differentiation and promotes 
myotube hypertrophy. In addition, mlGF-1 overexpression-induced potentiation of myogenesis triggers both quantitative 
and qualitative changes to the control of intracellular Ca 2+ handling. In particular, the differentiated MLC/mlGF-1 transgenic 
myotubes have reduced velocity and amplitude of intracellular Ca 2+ increases after stimulation with caffeine, KCI and 
acetylcholine. This appears to be due, at least in part, to changes in the physico-chemical state of the sarcolemma (increased 
membrane lipid oxidation, increased output currents) and to increased expression of dihydropyridine voltage-operated Ca 2+ 
channels. Interestingly, extracellular ATP and GTP evoke intracellular Ca 2+ mobilization to greater extents in the MLC/mlGF-1 
transgenic satellite cells, compared to the wild-type cells. These data suggest that these MLC/mlGF-1 transgenic satellite 
cells are more sensitive to trophic stimuli, which can potentiate the effects of mlGF-1 on the myogenic programme. 
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Introduction 

Insulin-like growth factors (IGFs) represent a system of 
circulating and/or locally secreted factors that have key roles in 
cell growth, differentiation and regeneration. Skeletal muscle is a 
target of the circulating IGFs, and a source of muscle-derived IGF- 
1 (mIGF-1). IGF-1 also has a critical role in activation, 
proliferation and differentiation of muscle stem cells (satellite 
cells), and in tissue repair [1,2,3]. During this process, mIGF-1 
triggers the activation of in situ satellite cells, stimulates the 
recruitment of circulating stem cells, modulates inflammatory 
responses, and reduces fibrosis. It has been hypothesized that 
supplemental mIGF-1 produces a qualitatively different environ- 
ment for the sustaining of more efficient muscle regeneration and 
repair [4,5,6]. 

Several processes that are modulated by mIGF-1 have been 
studied and described in myosin light chain (MLC)/mIGF-l 



transgenic mice, an animal model in which the mIGF-1 gene is 
regulated by the MLC promoter. This restricts the expression of 
the transgene selectively to skeletal muscle, and predominantly in 
muscle with a high ratio of fast-twitch fibres [7] . These transgenic 
mice have an increase in muscle mass (hypertrophy) that is 
associated with increased force generation. Moreover, the 
localized up-regulation of mIGF-1 transgene expression also 
sustains hypertrophy and regeneration in senescent skeletal muscle 
[4,7]. 

Functional studies have revealed that the hypertrophic pheno- 
type of skeletal muscle in these MLC / mIGF- 1 transgenic mice is 
associated with an increase in muscle strength (tetanic force) and 
maintained specific force [7,8], which suggests that increased 
mIGF-1 levels induce functional hypertrophy and improve 
functional performance of the skeletal muscle. Recently, using 
isolated muscle fibres, it was demonstrated that there is lower static 
stiffness (an index of tissue resistance against deformation in 
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response to an applied force) in these transgenic muscle fibres than 
in wild-type fibres, and this could be the consequence of an 
alteration in the expression of the sarcomeric protein titin, and/or 
modification of the Ca 2+ sensitivity of the contractile apparatus 
[9]. 

In skeletal muscle, the increase in intracellular Ca 2+ concentra- 
tion ([Ca 2+ ] ; ), that results from motor activation, has a key role in 
both contractile-activity-dependent and fibre-type-specific gene 
expression. Mounting evidence has shown that the Ca 2+ / 
calmodulin-dependent kinases have key roles in the regulation of 
expression of some of the oxidative enzymes, genesis and activity 
of the mitochondria, and expression of fibre-type-specific myofi- 
brillar proteins [10]. Alternatively, although the Ga 2+ -activated 
serine/threonine phosphatase calcineurin is activated by IGF-1 
[11,12] and has well-described functions in the determination of 
muscle fibre phenotypes [13], this and other Ca 2+ -regulated 
systems have received little attention as regulators of muscle 
trophism. Compared to other signalling pathways, the relatively 
few studies that have examined the role of Ca 2+ in the regulation 
of muscle size, have produced discordant results [14,15,16]. 

Therefore, the satellite cells are conditioned by the extracellular 
muscle microenvironment and are involved in the in vivo growth 
response related to in situ mIGF overexpression. For this reason, 
we used satellite cells from these MLC / mIGF- 1 transgenic mice as 
an experimental model, to determine whether there are any 
differences in the functional behaviour of these transgenic satellite 
cells during myogenesis, as compared to those of wild-type mice. 
The aim of this study was thus to investigate the relationships 
between increased levels of extracellular mIGF-1 and [Ca *]i 
handling, as two potential positive factors in the homeostasis of 
muscle tissue. 

Materials and Methods 

Ethics Statement 

The care and use of FVB wild type (WT) and MLC/mIGF-1 
transgenic mice (from Musaro Laboratories) strictly followed "The 
Guiding Principles for the Care and Use of Animals", in 
accordance with the principles of the Declaration of Helsinki 
and with the European Community Council (86/609/CEE) and 
the Italian Government law on the protection of animals for 
experimental procedures in research laboratory (92/116). The 
experimental protocol "Characterization of factors involved in 
muscle diseases", which was aimed at the production of the 
transgenic mice that were used in the present study, was reviewed 
and approved on 14 February, 201 1, by the Institutional Animal 
Care and Use Committee of the Unit of Histology and Medical 
Embryology ('La Sapienza' University of Rome, Rome, Italy). The 
animals (3 months old) were sacrificed under sodium pentobarbital 
anaesthesia and all efforts were made to minimize suffering. 

Chemicals and materials 

Unless otherwise indicated, cell culture media, sera and 
antibiotics were from Life Technologies Italia (Monza, Italy), cell 
culture plastic-ware was from Becton Dickinson Falcon (Sacco Sri, 
Cadorago, Italy), and the reagents and standards were from 
Sigma-Aldrich (Milan, Italy). 

Satellite cell isolation 

The animals (3 months old) were sacrificed under sodium 
pentobarbital anaesthesia. The bulk of hind-limb muscles were 
harvested under sterile conditions, and then manually shredded 
and digested for 30 min at 37°C with 1 mg ml 1 collagenase/ 
dispase (Roche Diagnostics, Mannheim, Germany) in phosphate- 



buffered saline (PBS). After centrifugation (150 x g for 5 min), the 
pellet was digested for 15 min at 37°C with 0.1 mgml -1 
collagenase type II (Sigma-Aldrich) in PBS. The enzymatic 
reaction was blocked by adding cell growth medium (high-glucose 
Dulbecco's modified Eagle's medium supplemented with 20% 
horse serum, 3% chick embryonic extract, 4 mM L-glutamine, 
100 IU ml 1 penicillin, and 100 |Xg ml 1 streptomycin), then the 
suspension was filtered (40 micron cell strainer filter; Falcon), and 
then centrifuged at 200 x g for 15 min. The pellet of cells was re- 
suspended in growth medium, and the cells were pre-plated twice 
for 1 h, to remove the fibroblasts. The satellite cells were then 
plated on collagen-coated dishes and grown in growth medium 
[17]. To differentiate the cells into myo tubes, after 5 days of 
culture, the medium of the satellite cell cultures was changed to the 
differentiation medium (Dulbecco's modified Eagle's medium 
supplemented with 5% horse serum, 4 mM L-glutamine, and 
100 IU ml -1 penicillin, and lOOugml -1 streptomycin) for 10 
days [18]. 

The level of successful differentiation of the satellite cells into 
myotubes was determined using immuno-staining protocols, with 
an antibody against myosin heavy chain (anti-MyHC; MF20 
Hybridoma Bank, Iowa, USA), and an antibody against MyoD 
(Santa Cruz Biotechnology Inc), accompanied by Hoechst staining 
of the nuclei. To assess the level of myogenic differentiation, the 
number of Hoechst-stained nuclei located within the sarcomeric 
myosin-positive cells, and of MyoD-positive cells was determined 
and expressed as: 

a) the myogenic differentiation (differentiation %), calculated as 
the number of Hoechst-stained nuclei located within 
sarcomeric myosin-positive cells, and expressed as a percent- 
age of total analysed myogenic cells, positive to MyoD; 

b) the fusion index, quantified as the percentage of Hoechst- 
stained nuclei located within multinucleated cells (at least 2 
nuclei, thus having undergone fusion), positive to sarcomeric 
myosin, and calculated on the total analysed MyoD-positive 
nuclei; 

c) myonuclear accretion, expressed as average number of nuclei 
per myotube, and relative percentage of mature myotubes 
(containing at least 5 nuclei) [19]. 

The morphometric analyses were performed calculating the size 
and length of MyHC-positive myotubes, using Image J (National 
Institutes of Health, Frederick, MD) [19]. 

To better define the percentage of different populations present 
in culture we performed cytofluorimetric analysis, following 
protocols described by Carosio et al [20]. We performed 
additional analysis 2 days after plating, by immuno-fluorescence 
analysis for the expression of MyoD (Santa Cruz Biotechnology 
Inc), and ot-smooth muscle actin (anti-a-SMA, Sigma-Aldrich), a 
marker of myofibroblasts. We revealed that our muscle-derived 
primary cultures contain an average of 40% of MyoD-positive cells 
and an average 20% of oc-smoofh muscle actin-positive cells. 

RNA extraction and real time PCR analysis 

Total RNA extraction was performed using TriRiagent (Sigma- 
Aldrich) and was reverse-transcribed using the QuantiTec Reverse 
Transcription kit (QIAGEN srl, Milan, Italy). Relative quantitative 
PCR was performed on ABI PRISM 7500 SDS (Applied 
Biosystems, USA), using premade 6-carboxyfluorescein (FAM)- 
labelled TaqMan assays for HPRT1 (Mm00446968_ml), MyoDl 
(Mm00440387_ml), Myogenin (Mm00446194_ml), Pax-7 
(Mm00834079_ml), Myh-2 (Mm00454991_ml), IGF-1 
(Mm00710307_ml) and MRF4 (Mm00435126_ml) (Applied 
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Biosystem). Relative quantitative real time PCR (RT-PCR) sample 
value was normalized for the expression of HPRT 1 mRNA. The 
relative level for each gene was calculated using the 2-ddCt 
method and reported as mean fold change in gene expression. 

Measurement of intracellular Ca 2 in single cells 

The [Ca 2 -*]; was measured using the dye Fura-2-acetoxymethyl 
ester (Fura-2/AM; Molecular Probes, Life Technologies Italia, 
Monza, Italy), with an inverted microscope (Olympus Italia S.r.l., 
Segrate, Milan) connected to a high-speed wavelength switcher 
(Polychrome II; Till Photonics, Germany) equipped with a 75-W 
stabilized xenon lamp (Ushio, Japan) and a cooled charge-coupled 
device (CCD) camera (C6790 model; Hamamatsu Photonics, 
Hamamatsu, Japan). The wild-type and MLC/mIGF-1 transgenic 
satellite cells and myotubes plated on collagen-coated special- 
optics 96-well plates (Corning-Costar, distributed by Sigma- 
Aldrich) were incubated with 5 uM Fura-2/AM for 30 min at 
37°C in normal external solution (140 mM NaCl, 2.8 mM KC1, 
2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM glucose, 10 mM N-2- 
hydroxyethilpiperazione-N'-2-ethanesulfonic acid (HEPES)- 
NaOH, pH 7.3) supplemented with 1% (w/v) bovine serum 
albumin. Fura-2/AM loaded cells were sequentially and repeti- 
tively excited at 340 nm and 380 nm, the fluorescence images 
were acquired with a CCD camera and stored on an interfaced 
computer. The acquisition time was one image ratio (i.e., 340/380 
signal) per second. The image-ratio calculations were carried out 
pixel-by-pixel on a pair of corresponding 340 nm and 380 nm 
image files. The temporal plots (mean fluorescence signal in a 
selected cell area) were calculated from the image ratios. The 
[Ca 2+ ] ; in a single cell field was recorded according to the [Ca *]; 
calibration plot of the 340/380 ratio, as calculated using the 
Calcium Calibration kits for video imaging (Molecular Probes) 
[21]. 

Dihydropyridine receptor Ca 2+ channel binding assay 

This binding assay was performed with membranes purified 
from the wild-type and MLC/mIGF-1 mature myotubes sonicated 
in sodium phosphate buffer (20 mM NaP0 4 , pH 7.0) supple- 
mented with protease inhibitors according to a procedure 
described by Fulle et al. [22]. The dihydropyridine receptor 
(DHPR) concentrations were determined using the radioligand 
[ 5 H]-PN200-1 10. The membrane proteins (40 |Xg) were incubated 
in a final volume of 250 ul binding buffer (200 mM KC1, 10 mM 
HEPES, 100 mM CaCl 2 , 0.1 mM diisopropylfluorophosphate, 
and 1 ug ul -1 leupeptin, pH 7.4) in the presence of 1 nM [ 5 H]- 
PN200-1 10 for 1 h at room temperature. The samples were then 
filtered through Whatman GF/ C filters and rapidly washed with 
six volumes of ice-cold washing buffer (200 mM KC1, 10 mM 
HEPES, pH 7.4). The radioactivity associated with the filters 
(membrane-bound [ 3 H] -PN200- 1 1 0) was then determined by 
liquid scintillation counting (LS 6500 Multi-Purpose Counter, 
Beckman Coulter, Fullerton, CA, USA), and is expressed as pmol 
mg -1 protein. The non-specific [ 5 H] -PN200- 1 1 0 binding to the 
membranes was determined in the presence of 10 uM unlabelled 
nifedipine, and this value was subtracted from each experimental 
point [23]. 

Ryanodine receptor Ca 2+ channel binding assay 

This ryanodine receptor (RyR) binding assay was performed on 
whole homogenates obtained from sonicated wild-type and MLC/ 
mIGF-1 transgenic mature myotubes (25 u,g protein assay '), as 
indicated for the DHPR binding assay above. The samples were 
incubated in 250 u.1 binding buffer in the presence of 5 nM [ H]- 
ryanodine for 120 min at 37°C. The samples were then filtered 



through Whatman GF/C filters and rapidly washed with six 
volumes of ice-cold washing buffer. The radioactivity associated 
with the filters (membrane-bound [ 3 H] -ryanodine) was then 
determined by liquid scintillation counting (LS 6500 Multi- 
Purpose Scintillation Counter, Beckman Coulter), and is expressed 
as pmol mg 1 protein. The non-specific [ H] -ryanodine binding 
was determined in the presence of 100 uM unlabelled ryanodine, 
and this value was subtracted from each experimental point [23]. 

Ca 2+ /Mg 2+ ATPase assay 

The assay for the determination of the Ca 2+ /Mg 2+ ATPase 
activity was carried out on whole homogenates obtained from 
sonicated myotubes (as for the radiolabelled binding assays). Each 
sample contained 25 u,g protein incubated in 1 ml containing 
2.5 mM ATP, 100 uM CaCl 2 , 60 uM K-EGTA, 10 mM KC1, 
5 mM MgCl 2 , 300 mM sucrose, 10 mM HEPES, pH 7.4, for 
30 min at room temperature. The reactions were terminated with 
the addition of 1 ml 12.5% trichloroacetic acid, and the 
precipitate was removed by centrifugation at 5000 x g for 
10 min. The released phosphates were estimated from 1 ml of 
the cleared supernatant, according to the method described 
previously [23]. The specific Ca 2+ /Mg 2+ ATPase activity was 
calculated as ug released inorganic phosphate (Pi) 
min -1 ml -1 mg -1 protein. 

Western blotting 

The wild-type and MLC/mIGF-1 transgenic myotubes were 
washed with pre-cooled phosphate-buffered saline and sonicated 
in 20 mM sodium phosphate buffer (pH 7.0) containing 
100 ug ml 1 phenylmethylsulfonyl fluoride, 10 ug ml 1 leupep- 
tin, 5 u,g ml - pepstatin A, and 10 (Xg ml - benzamidine. The 
sonicated cells were centrifuged at 1000 x g for 10 min at 4°C, the 
supernatants were collected, and the protein concentrations were 
determined using the Bio-Rad protein assay (Bio-Rad Laborato- 
ries). Samples containing 50 |J,g protein were resuspended in 
Laemmli buffer (8% [w/v] sodium dodecyl sulphate [SDS], 10% 
[v/v] glycerol, 5% [v/v] pi-mercaptoethanol, 25 mM Tris-HCl, 
pH 6.5, and 0.003% [w/v] bromophenol blue), boiled for 5 min, 
and separated by SDS-PAGE on 6% (w/v) gels for DHPR and 
RyRl protein detection, and 8% (w/v) gels for that of Ca 2+ - 
ATPase. The proteins were electroblotted onto a hydrophobic 
polyvinylidene difluoride membrane (Immobilon-P membrane; 
Millipore, Bedford, MA, USA). These membranes were blocked in 
TBS-T (Tris-buffered saline with 0. 1 % [v/v] Tween 20) contain- 
ing 5% (w/v) fat-free milk, and then incubated individually with 
mouse monoclonal antibodies against DHPR (anti-DHPR alpha 1 
antibody; Abeam Ltd, Cambridge, UK; dilution, 1:1000), against 
RyRl (Clone 34 C; Sigma-Aldrich; dilution, 1:5000), and against 
Ca 2+ - ATPase (anti-SERCAl antibody; Abeam Ltd; dilution, 
1:3000). The membranes were then incubated with horseradish- 
peroxidase-conjugated anti-mouse IgG (dilution, 1:10000), which 
was detected by chemiluminescence (ECL Plus; GE-Amersham, 
Little Chalfont, UK). An anti-actin antibody (Sigma-Aldrich; 
dilution, 1:1000) was used as a loading control. All of the 
antibodies were diluted in TBS-T. 

Malondialdehyde measurements and membrane fluidity 
assay 

To define the oxidative status of the cell membrane lipids, 
malondialdehyde levels were determined. Malondialdehyde forms 
an adduct with thiobarbituric acid that can be measured 
spectrophotometrically. The measurement of such thiobarbituric 
acid reactive substances is a well-established method for screening 
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and monitoring of lipid peroxidation. These lipid peroxidation 
measurements on the sarcolemma and sarcoplasmic reticulum 
membranes isolated from the wild- type and MLC/mIGF-1 
transgenic skeletal muscle, were performed using the OXItek 
'TBARS' Assay kits (ZeptoMetrix Corp., Buffalo, NY, USA), as 
described by the manufacturer. The sarcolemma and sarcoplasmic 
reticulum membrane fractions were prepared as previously 
described [24]. 

Membrane fluidity was assayed using the MarkerGene Mem- 
brane Fluidity Kit (Marker Gene Technologies, Inc., Eugene, OR, 
USA), that contains a lipophilic pyrene probe that undergo 
excimer formation upon spatial interaction, and consequendy 
shifting its emission spectrum. This property makes it a useful tool 
to monitor on live cells, changes in membrane fluidity or viscosity. 
The protocol was optimized using different cell number (1000, 
3000 or 6000 cells/well), 1-50 uM fluorescent lipid reagent 
concentrations, dye-incubation times (15-30 min) and tempera- 
tures (20-45°C). The results, shown here, come from experiments 
performed on wild- type and MLC/mIGF-1 transgenic satellite 
cells plated (3000 cells/well) on collagen-coated special-optics 96- 
well plates (Corning-Costar). After 0, 3 and 7 days in differenti- 
ation medium, cells were incubated with 10 uM fluorescent lipid 
reagent (Membrane Fluidity Kit) for 20 min at 25°C also in 
accordance with the manufacturer instructions. At the end, the 
probe was removed, cells washed twice with PBS and the residual 
fluorescence read at 360 nm excitation wavelength, and 470 or 
400 nm emission wavelength, using a microplate reader (Spec- 
traMAX Gemini XS, Molecular Devices, Toronto, ON, Canada). 
Membrane fluidity was expressed as the ratio of fluorescent 
intensities at 470 and 400 nm emission wavelength (excimer/ 
monomer). 

Electrophysiological measurements 

In voltage-clamp experiments, the total currents were recorded 
using an extracellular solution containing 130 mM NaCl, 3 mM 
KC1, 1 mM CaCl 2 , 2 mM MgCl 2 , 10 mM glucose, and 10 mM 
HEPES-HC1, pH 7.4). The patch pipette was filled with 130 mM 
KC1, 2 mM MgCl 2 , 10 mM glucose, 5 mM EGTA and 10 mM 
HEPES-NaOH (pH 7.4). The electrophysiological recordings 
were carried out at room temperature using the whole-cell 
configuration of the patch-clamp technique [25,26]. Stimulation, 
acquisition, and data analysis were performed using the pCLAMP 
9.0 and Clampfit software (Axon Instruments, Burlingame, CA, 
USA). The cells were clamped to a holding potential of —90 mV 
and the currents recorded from — 100 mV to +65 mV, in 
increments of 5 mV. The components of the leak and capacitive 
currents were cancelled using the P/N method. The patch pipettes 
had a resistance of 3 MQ to 6 MO, and to reduce their 
capacitance, their tips were coated with Sylgard. A sampling 
interval of 25 (J.s point 1 was used, and the currents were filtered 
at 5 kHz. 

Statistical analysis 

All of the quantitative data are expressed as means ± standard 
error of the mean (SEM). Differences between groups were 
analysed using Students' t-tests, with the Prism 4 software 
(GraphPad Software, San Diego, CA, USA). 

Results 

Satellite cells from wild-type and MLC/mIGF-1 transgenic 
mice 

Satellite cells were isolated from the hind-limb muscles of wild- 
type and MLC/mIGF-1 transgenic mice. As expected, and 



previously published [7,27], the transgene mIGF-1 was not 
expressed in quiescent and proliferating satellite cells, whereas it 
was expressed in post-mitotic myoblasts and accumulated in 
differentiated myotubes (data not shown). We also analysed the 
expression of endogenous mIGF-1 in both wild- type and MLC/ 
mIGF-1 transgenic mouse-derived myotubes (5 days in differen- 
tiation medium). RT-PCR analysis revealed a significant increased 
expression of mIGF-1 in differentiated cells isolated from the 
transgenic animals compared to wild-type differentiated cells 
(Fig. la). 

We then analysed the effects of mIGF- 1 on myogenic program, 
performing a time course experiment. We observed that mIGF-1 
expression accelerates the differentiation of satellite cells and 
promotes a precocious mature phenotype even at early stage of the 
myogenic program (4 days in growth medium) (Fig. lb— f). In 
particular we observed that MLC/mIGF-1 transgenic mouse- 
derived cells, compared to wild-type cell cultures, showed: i) a 
higher myogenic differentiation (differentiation %, calculated as 
the number of Hoechst-stained nuclei located within sarcomeric 
myosin-positive cells, and expressed as a percentage of total 
analysed myogenic cells, positive to MyoD) (Fig. lc), ii) a higher 
fusion index (quantified as the percentage of Hoechst-stained 
nuclei located within multinucleated cells, positive to sarcomeric 
myosin, and calculated on the total analysed MyoD-positive nuclei 
(Fig. Id), and iii) a myonuclear accretion (expressed as average 
number of nuclei per myotubes, figure le-left panel, and relative 
percentage of mature myotubes, figure le-right panel). 

The accelerated process of myogenic differentiation, induced by 
mIGF-1 expression, was also supported by the significant up- 
regulation of relevant markers involved in myogenic differentia- 
tion, such as MyoDl, Myogenin, MRF4 and myosin, in MLC/ 
mIGF- 1 transgenic mouse-derived cells compared to wild-type cell 
cultures (Fig. If). 

Morphometric analyses, performed at 1 day in differentiation 
medium, revealed that the MLC/mIGF-1 transgenic mouse- 
derived myotubes appeared longer and with a bigger area 
compared to the wild-type mouse-derived myotubes (Fig. lg-i). 

The effect of mIGF- 1 overexpression on the myogenic process 
was also confirmed at 5 days in differentiation medium: at this 
time MLC/mlGFl transgenic mouse-derived cultures showed an 
increased myogenic differentiation and larger myotubes compared 
to the wild-type mouse-derived cultures (Fig. lj and k). 

These data correlate with the muscle phenotype of the 
transgenic mice [7] and support the maturation effects of mlGF- 
1 on myogenic cells [11]. 

Intracellular Ca 2+ 

Calcium has key roles in many intracellular processes. Here, 
[Ca^i was monitored in these isolated satellite cells, using 
fluorescence video-imaging techniques. Figure lk shows that 
during differentiation, [Ca 2+ ]; increased by about 50% in the 
wild-type differentiated cells and 30% in the MLC/mIGF-1 
transgenic differentiated cells. This increase was significant 
(p = 0.0194, non-parametric unpaired test between the combined 
myoblast and myotube populations), although there was no 
significant difference in the [Ca rise between the wild-type 
and MLC/mIGF-1 transgenic models (Fig. 11). 

The in vitro differentiation process yielded myotubes that were 
functional, as these showed increases in intracellular Ca 2+ levels in 
response to the RyR Ca 2+ channel agonist (40 mM caffeine; 
Fig. 2a, e) and to a depolarizing agent (50 mM KC1; Fig. 2b, f), 
also in the absence of extracellular calcium (Fig. 2c, g). No 
significant responses were seen in the presence of caffeine or KC1 
in the proliferating myoblasts (data not shown). 
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Figure 1 . Post-mitotic expression of mlGF-1 accelerates satellite cell differentiation, (a) RT-PCR analysis of endogenous mlGF-1 expression 
in 5-day differentiated satellite cells isolated from wild-type (WT) and MLC/mlGF-1 transgenic (TG) mice, (b-f) Analyses on WTand TG mouse-derived 
cells after 4 days in growth medium: representative images from WT (b-top panel) and TG (b-bottom panel) mouse-derived cells immuno-stained for 
myosin (green fluorescence) and MyoD (red fluorescence), accompanied by Hoechst-stained nuclei (blue fluorescence); differentiation index 
(differentiation %) (c); fusion index (d); myonuclear accretion expressed as average number of nuclei per myotube (e-left panel), and relative 
percentage of mature myotubes (e-right panel); RT-PCR analyses of MyoDI, Myogenin, MRF4 and Myosin (f). (g-i) Analyses on WT and TG mouse- 
derived cells after 1 day in differentiation medium: representative images from WT (g-left panel) and TG (g-right panel) mouse-derived cells immuno- 
stained for myosin (green fluorescence) and MyoD (red fluorescence), accompanied by Hoechst-stained nuclei (blue fluorescence); morphometric 
analyses expressed as relative frequency of myotubes' length (h) and area (i). (j and k) Analyses on WT and TG mouse-derived cells after 5 days in 
differentiation medium: representative images from WT <j-left panel) and TG (j-right panel) mouse-derived cells immuno-stained for myosin (red 
fluorescence), accompanied by Hoechst-stained nuclei (blue fluorescence), and differentiation index (differentiation %) (k). (I) Basal intracellular Ca 2+ 
concentrations ([Ca 2 " 1 "],) measured in undifferentiated (myoblasts) and differentiated (myotubes) satellite cells derived from WT and TG mice muscle. 
Data in panels a, c-f, k are means ±SEM from 3 independent experiments, data in panel I are means ±SEM from 165 wild-type myoblasts, 101 wild- 
type myotubes, 98 MLC/mlGF-1 transgenic myoblasts, and 67 MLC/mlGF-1 transgenic myotubes, as assayed from three independent experiments for 
each type. * p<0.05, ** p<0.01 and *** p<0.001 versus wild-type. 
doi:10.1371/journal.pone.0107753.g001 



The quantitative analysis of the ion kinetics (Fig. 2i) shows that 
there was a slower intracellular Ca + level increase evoked by 
caffeine in the MLC/mIGF-1 transgenic myotubes compared to 
the wild-type myotubes (v = 0.77±0.11 vs. 1.31±0.12, respective- 
ly; p<0.05). Similarly, in the presence of extracellular Ca 2+ , KC1 
induced a significantly slower [Ca 2+ ]; increase in the MLC/mlGF- 



1 transgenic myotubes compared to the wild-type myotubes 
(v= 1.11+0.07 vs. 1.40+0.08; p<0.05); this was also seen with 
KC1 in Ca 2+ -free medium (v = 0.88±0.02 vs 1.17+0.13; p<0.05). 
In the absence of extracellular Ca 2+ , only the myotubes with 
complete maturation of their excitation-contraction coupling 
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97 ±5 


98 ±7 


1.40 ±0.08 


1.11 ±0.07* 


1.99 ±0.11 


1.41 ±0.07*** 


1.17 ±0.05 


1.03 ±0.09 
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90 ±9 


84 ±11 


1.17 ±0.13 


0.88 ±0.02* 
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1.51 ±0.05 
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2.27 ±0.24 


1.70 ±0.22 


1.6 ±0.12 
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Figure 2. Intracellular Ca variations in myotubes. (a-h) Representative intracellular Ca variations in the wild-type (WT) and MLC/mlGF-1 
transgenic (TG) myotubes expressed as fluorescence ratios (340/380). The time courses were recorded during addition of caffeine (a, e), KCI with (b, f) 
and without (c, g) extracellular Ca 2+ , and acetylcholine (ACh; d, h). (i) Quantification of intracellular Ca 2+ response parameters determined for the wild- 
type and MLC/mlGF-1 transgenic mature myotubes. They include: the percentage of cells responsive to each stimulus, the Velocity to reach the peak 
of Ca 2+ increase, calculated as amplitude to time to peak (v = amplitude s _1 ); Maximum amplitude calculated as the ratio of the F340/380 at the peak to 
the basal F340/380; Amplitude at 1 min stimulation calculated as the ratio of the F340/380 at 1 min from application of stimulus to the basal F340/380 
* p<0.05; *** p<0.001. 
doi:1 0.1 371 /journal.pone.01 07753.g002 
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showed intracellular Ca + level increases, like those illustrated for 
myotubes in Figure 2c, g. 

The initial peak of the caffeine-induced and KCl-induced 
intracellular Ca 2+ level increases (as the immediate response) was 
significantly lower in the myotubes derived from the MLC/mlGF- 
1 transgenic mice compared to that measured in the wild-type 
cultures (Fig. 2i). However, this difference was not seen in the 
response at 1 min after stimulus administration, when the levels of 
Ca in the two models were similar (Fig. 2). In order to test the 
behaviour of the DHPR in the two cell phenotypes, also 1 |jM 
Bay-K8644, a specific channel agonist, was used. 1 (J.M Bay- 
K8644 induced an intracellular Ca 2+ increase in a quite similar 
manner to that observed with KC1. Kinetics' analysis of [Ca 2+ ]i 
variations evoked by Bay-K8644 showed a significant decrease of 
the maximum amplitude in MLC/mIGF-1 transgenic myotubes 
(2.01 ±0.12, p<0.05) compared to that observed in the wild-type 
myotubes (2.50±0.17). Moreover, also the amplitude at 1 min 
stimulation was very similar to that induced by KC1, showing no 
significant differences between MLC/mIGF-1 transgenic myo- 
tubes (1.28±0.06) and wild-type myotubes (1.14±0.05). 

The responsiveness to acetylcholine mimicked that for caffeine 
and KC1, with a decreased response velocity in MLC/mIGF-1 
transgenic myotubes compared to wild-type myotubes 
(v= 1.38±0.02 vs. 1.51 ±0.05; p<0.05; Fig. 2d, h, i). 

These data can be related to the different capacities of these 
systems that control the Ca 2+ handling. In addition, binding 
experiments and immunoblotting of membrane preparations from 
the wild-type and MLC/mIGF-1 transgenic myotubes revealed 
that the MLC/mIGF-1 transgenic samples showed significantly 
higher levels of the DHPR voltage-operated Ca 2+ channels, 
compared to wild-type (Fig. 3a and d). Conversely, the RyR 
channel levels (Fig. 3b and e) and the Ca + /Mg 2+ pump activities 
and levels (Fig. 3c and f) were not significantly different. 

In satellite cells, as well as in other in vitro muscle cell models, 
intracellular Ca + level increases are triggered also by myogenic 



stimuli, such as purines, which are known for their trophic actions 
that are mediated by changes in intracellular Ca 2+ levels 
[28,29,30]. Under these conditions, the wild-type and MLC/ 
mIGF-1 transgenic myoblasts showed different behaviours for 
these stimulus-evoked intracellular Ca 2+ level increases (Fig. 4). 
Both ATP and GTP affected the Ca 2+ handling parameters 
(amplitude, response velocity) in the wild-type and MLC/mIGF-1 
transgenic cells. In particular, both 100 uM ATP and 300 uM 
GTP induced significandy more rapid intracellular Ca 2+ level 
increases in MLC/mIGF-1 transgenic myoblasts compared to 
those evoked in wild-type myoblasts (Fig. 4). 

Of note, the wild- type and MLC / mIGF- 1 transgenic myoblast 
populations showed different behaviours to these purine treat- 
ments: the MLC/mIGF-1 transgenic cells were significantly less 
sensitive to ATP (65% ±13% responsive cells) compared to the 
wild-type myoblasts (99% ±1%); conversely, the MLC/mIGF-1 
transgenic myoblasts were significantly more responsive to GTP 
(87%±11%) compared to the wild-type myoblasts (56% ±9%) 
(Fig. 4e). In addition, in about half of the responsive wild-type 
myoblasts, GTP induced intracellular Ca 2+ level increases that 
showed oscillations that lasted for 2-5 min, and that occurred with 
a frequency of about one every 30 s (Fig. 4b, inset). This 
phenomenon was not seen in the MLC/mIGF-1 transgenic 
myoblasts. 

When the same experimental approach was used with the 
myotubes, differences were observed in the responsiveness and the 
intracellular Ca + level increase parameters (amplitude, response 
velocity) in the presence of these purines. In particular, the 
intracellular Ca" + level increases stimulated by both ATP and 
GTP showed significandy lower cell responsiveness in the MLC/ 
mIGF-1 transgenic myotubes (67% ±13%, 60% ±9%, respective- 
ly) in comparison to the wild-type myotubes (97% ±3%, 
85%±7%, respectively) (Fig. 5e). The amplitude of the ATP- 
induced intracellular Ca 2+ level increases was significandy lower 
for the transgenic MLC/mIGF-1 myotubes in comparison to the 
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Figure 3. Analysis of the major proteins involved in intracellular Ca 2 homeostasis. Membranes from wild-type (WT) and MLC/mIGF-1 
transgenic (TG) myotubes were analysed for binding of radiolabeled [ 3 H]-PN200-1 10 to DHPR Ca 2+ channels (a), and radiolabeled [ 3 H]-ryanodine to 
RyR Ca 2+ channels (b), and for Ca 2+ /Mg 2+ ATPase activity (c). Data are means ±SEM of three independent experiments, ** p<0.01. Representative 
immunoblots of the expression levels are also shown, for DHPR (d), RyR (e), and the Ca 2+ /Mg 2+ ATPase protein (f); actin was used as loading control. 
doi:10.1371/journal.pone.0107753.g003 
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Stimulus Responsive cells 

(%) 



Velocity 
(v= amplitude s" 1 ) 



Maximum 
amplitude 



Amplitude 
at 1 min stimulation 



Wild-type Transgenic Wild-type Transgenic Wild-type Transgenic Wild-type Transgenic 



ATP 99 ±1 65 ±13* 

GTP 56 ±9 87 ±11* 



1.02 ±0.04 1.83 ±0.33* 1.72 ±0.06 1.86 ±0.04 1.00 ±0.03 1.09 ±0.04 
0.69±0.03 1.34 ±0.07*** 1.70 ±0.15 1.99 ±0.09 1.25±0.08 1.32 ±0.02 



Figure 4. Purine-induced intracellular Ca 2+ rises in myoblasts, (a-d) Representative intracellular Ca 2+ variations in the wild-type (WT) and 
MLC/mlGF-1 transgenic (TG) myoblasts, expressed as fluorescence ratios (340/380). The time courses were recorded during the addition of ATP (a, c) 
and GTP (b, d). (e) Quantification of intracellular Ca 2+ response parameters determined for the wild-type and MLC/mlGF-1 transgenic myoblasts. They 
include: the percentage of cells responsive to each stimulus, the Velocity to reach the peak of Ca 2+ increase, calculated as amplitude to time to peak 
(v = amplitude s _1 ); Maximum amplitude calculated as the ratio of the F 34 o/3so at the peak to the basal F 34 o/3so; Amplitude at 1 min stimulation 
calculated as the ratio of the F340/3S0 at 1 min from application of stimulus to the basal F 34 o/3so- * p<0.05; *** p<0.001. 
doi:10.1371/journal.pone.0107753.g004 



wild-type myotubes (1.13+0.01 vs. 1.45+0.08; p<0.001), while 
the GTP-responsive cells in the MLC/mIGF-1 transgenic 
myotubes showed a significantly higher amplitude of the 
intracellular Ca 2+ level increase with respect to the wild-type 
myotubes (2.05±0.10 vs. 1.40±0.19; p<0.01) (Fig. 5e). Under 
these conditions, these differences in the amplitudes of the 
intracellular Ca 2+ level increases were no longer apparent in the 
response at 1 min after purine administration (Fig. 5). Concerning 
the velocity of the intracellular Ca 2+ level increase, as for the 
myoblasts, this was greater in the MLC/mIGF-1 transgenic 
myotubes with respect to the wild-type myotubes, for both ATP 
and GTP stimulation (Fig. 5). 

Electrical properties 

To support the functional background of the satellite cells, the 
membrane electrical properties and the inward and outward 
currents were also measured in myoblasts and myotubes from the 
wild-type and MLC/mIGF-1 transgenic samples. These analyses 



were performed using the patch-clamp technique in the whole-cell 
configuration [25]. 

After the satellite cell differentiation, the resting potential (V m) 
was significantly lower in the myotubes with respect to the 
myoblasts, for both the wild-type and MLC/mIGF-1 transgenic 
samples (Fig. 6a, e). Although this did not reach significance, the 
MLC/mIGF-1 transgenic myotubes showed a lower Vm with 
respect to the wild-type myotubes (Fig. 6a, e). The membrane 
capacitance (Cm) was significantly increased in myotubes with 
respect to their myoblast precursors, in both wild-type and MLC/ 
mIGF-1 transgenic samples, although without significant differ- 
ences between the wild-type and the MLC/mIGF-1 transgenic 
samples (Fig. 6b, f). Also, the current-voltage relationship (I/V) 
calculated from the inward and outward components of the total 
current measurements revealed increased inward currents in both 
the wild-type and MLC/mIGF-1 transgenic myotubes, with 
respect to their corresponding myoblasts, again without any 
significant difference between the wild-type and the MLC/mlGF- 
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(a) WT (b) WT 




(e) 

Stimulus Responsive cells Velocity Maximum Amplitude 

(%) (v= amplitude s" 1 ) amplitude at 1 min stimulation 

Wild-type Transgenic Wild -type Transgenic Wild-type Transgenic Wild-type Transgenic 

ATP 97±3 67±13* 1.02 ±0.06 1 .37 ±0.02*** 1.45 ±0.08 1.13 ±0.01*** 0.95 ±0.04 0.98 ±0.02 

GTP 85±7 60 ±9* 0.79±0.12 1.38 ±0.07" 1.40 ±0.19 2.05±0.10** 1.28 ±0.14 1.23 ±0.01 



Figure 5. Purine-induced intracellular Ca rises in myotubes. (a-d) Representative intracellular Ca variations in the wild-type (WT) and 
MLC/mlGF-1 transgenic (TG) myotubes, expressed as fluorescence ratios (340/380). The time courses were recorded during the addition of ATP (a, c) 
and GTP (b, d). (e) Quantification of intracellular Ca 2+ response parameters determined for the wild-type and MLC/mlGF-1 transgenic myotubes. They 
include: the percentage of cells responsive to each stimulus, the Velocity to reach the peak of Ca 2+ increase, calculated as amplitude to time to peak 
(v = amplitude s _1 ); Maximum amplitude calculated as the ratio of the F 34 o/38o at the peak to the basal F 34 o/38o; Amplitude at 1 min stimulation 
calculated as the ratio of the F340/3S0 at 1 min from application of stimulus to the basal F 34 o/38o- * p<0.05; ** p<0.01; *** p<0.001. 
doi:10.1371/journal.pone.0107753.g005 



1 transgenic samples (Fig. 6c, g). The only difference between the 
wild-type and MLC/mIGF-1 transgenic samples revealed by this 
experimental approach, was for the outward currents, which were 
significantly more pronounced in the MLC/mIGF-1 transgenic 
myotubes with respect to the wild-type myotubes (p<0.05) 
(Fig. 6d, h). 

Oxidative status and fluidity of the cell membranes 

The functional activity of myotubes depends not only on the 
differentiative status, but also on the environmental conditions. 
The oxidative balance in skeletal muscle is one of the main 
features that is representative of its metabolic activity as a whole, 
and this also conditions the satellite cell activity. For these reasons, 
the oxidative status of cell membranes was assayed in mature 
skeletal muscle biopsies from the wild-type and the MLC/mIGF-1 
transgenic mice. 

Figure 7a shows that there were significantly higher levels of 
malondialdehyde (as a measure of the oxidative status of cell 
membrane lipids) in the sarcolemmal fractions from the MLC/ 
mIGF-1 transgenic samples compared to the wild-type samples 



(p<0.01), while there was no difference for the sarcoplasmic 
reticulum membrane fractions (Fig. 7a). 

The oxidative status of lipids can affect the membrane 
biophysical properties, and for this reason, membranes' fluidity 
was assayed on live MLC/mIGF-1 and wild-type differentiating 
satellite cells at 0, 3 and 7 days in differentiation medium, using a 
fluorescent probe. The results showed some differences in 
membranes' fluidity between MLC/mIGF-1 transgenic and 
wild-type satellite cells. The differences were significant at 3 days 
of the differentiation period (Fig. 7b). 

Discussion 

It has been previously demonstrated that mIGF-1 gene 
expression induces local skeletal muscle hypertrophy, which 
improves muscle mass and strength by activating calcineurin- 
mediated Ca 2+ signaUing and GATA-2/NF-ATc 1 [11]. Similarly, 
treatment of C2C12 skeletal muscle cells with the recombinant 
IGF-1 protein elicits similar effects, with the promotion of 
hypertrophy via the calcineurin pathway [12]. 
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Figure 6. Electrical properties and ionic currents in wild-type (a-d) and MLC/mlGF-1 transgenic (e-h) myoblasts and myotubes. 

Recordings of the resting potential, Vm (a, e), cell capacitance, Cm (b, f), inward current component (c, g), and outward current component (d, h). 
Data are means ±SEM, from 15 wild-type myoblasts, 11 wild-type myotubes, 13 MLC/mlGF-1 transgenic myoblasts, and 17 MLC/mlGF-1 transgenic 
myotubes, from three independent experiments for each cellular phenotype. 
doi:1 0.1 371 /journal.pone.01 07753.g006 



Interestingly, Zheng and co-workers proposed a model in which 
CaM kinase and calcineurin are involved in IGF- 1 -induced 
DHPRalpha expression in C2C12 cells. IGF-1 receptor activation 
triggers CaM kinase and calcineurin activity to regulate the 
balance of phosphorylated/ dephosphorylated CREB, that in turn 
regulates DHPRalpha transcription [31]. 

More recently, Li and co-workers [32] provided evidence that a 
transmembrane protein located in the sarcoplasmic reticulum, 
named STIM1, acts as a Ca 2+ sensor and activates Ca 2+ entry by 
the Orai channels. STIM1 has a fundamental role in postnatal 
skeletal muscle growth in relation to the calcineurin/NF-AT 
signalling pathways, through the regulation of the levels of Ca 2+ in 
the sarcoplasm and sarcoplasmic reticulum cisternae. Based on 
this mechanism, it was proposed a model whereby STIM1- 
mediated store-operated Ca 2+ entry regulates the Ca 2+ signalling 
required for cellular processes that are necessary for muscle growth 
and differentiation, even though the excitation-contraction cou- 
pling remains unperturbed [32]. 

Many evidences demonstrate the deep relationship between 
growth factor-induced intracellular Ca 2+ -dependent signalling and 
muscle hypertrophy, and that support the working hypotheses 
developed in the present study. The data presented here relating to 
some of the systems involved in intracellular Ca 2+ homeostasis in 
myotubes (DHPR, RyR, Ca 2+ pumps), show that the differences in 
the behaviour observed in MLC/mIGF-1 transgenic myotubes in 
comparison to the wild-type myotubes arise from the different 
kinetics of the Ca 2+ -controlling system, rather than from any 
further specific component. 

In the myotubes derived from the MLC/mIGF-1 transgenic 
mice, we observed increased capacity of the T-tubule-associated 
DHPR channels, together with increased outward potassium 
currents, with respect to the myotubes derived from the wild-type 
mice. Vice versa, in the MLC/mIGF-1 transgenic myotubes, only 
a small, and not significantly different, decrease in the functional 
capacity of the sarcoplasmic reticulum was observed, in terms of 
the RyR channels and Ca-pumps. 



Overall, these data suggest that in the myotubes derived from 
the MLC/mIGF-1 transgenic cultures, Ca 2+ mobilization was 
slower under all of the conditions tested here (caffeine, depolar- 
ization via KC1, in the presence or absence of external Ca 2+ , acetyl 
choline), even if after longer times (S 1 min), the differences 
between the MLC/mIGF-1 transgenic and wild-type cultures 
were significandy reduced. 

These data indicated that in the MLC/mIGF-1 transgenic 
myotubes, there might be different sarcolemmal organization, as 
both the increased DHPR functionality and the increased output 
K + currents are a possible consequence of external membrane 
modifications that do not involves the sarcoplasmic reticulum 
structures. The data derived from the oxidative status of the 
sarcolemma appear to confirm this hypothesis. These show that in 
the membranes derived from mature myotubes, the lipid oxidation 
is greater in the MLC/mIGF-1 transgenic samples compared to 
wild-type ones, which suggests modification of the membrane 
fluidity [33]. Measurements on live differentiating MLC/mIGF-1 
transgenic satellite cells showed a significant increase of mem- 
branes' fluidity in respect to the wild-type cells. This evidence 
supports the hypothesis that there is a different membranes' 
organization in MLC/mIGF-1 transgenic satellite cells, even if a 
deeper analysis is required to define the mechanism linking 
membrane oxidation and its biophysical features. 

The electrical events are also very important during myoblast 
differentiation. It has been reported that during differentiation of 
human muscle satellite cells, the resting potential is hyperpolar- 
ized, due to the sequential expression and activation of ionic 
channels. Such hyperpolarization, which is mainly due to the 
activation of ether-a-go-go and inward rectifier K + channels, leads 
to increased Ca 2+ influx, which promotes myoblasts fusion and 
consequendy multinucleated myotube formation [34]. This 
condition appears to be reproduced also in our experimental 
models, in which the myotubes derived from MLC/mIGF-1 
transgenic cell cultures show a higher hyperpolarized state and 
outward currents (mainly K + currents) in comparison to the 
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Figure 7. Quantification of the oxidative status and fluidity of the cell membrane lipids, (a) Malondialdehyde levels were determined in 
the sarcolemma and sarcoplasmic reticulum membrane fractions from skeletal muscle biopsies of the wild-type (WT) and MLC/mIGF-1 transgenic (TG) 
mice, (b) Membrane fluidity of WT and TG satellite cells, measured at 0, 3 and 7 days in differentiation medium, and expressed as the ratio of 
fluorescence intensities at 470 and 400 nm emission wavelength (excimer/monomer). Data are means ±SEM of three independent experiments. * 
p<0.05, ** p<0.01 versus wild-type. 
doi:1 0.1 371 /journal.pone.01 07753.g007 
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wild-type myotubes, which supports the hypothesis that these cells 
are more prone to differentiate. 

In skeletal muscle, there is another Ca 2+ -activating system that 
can influence myogenesis: the extracellular pool of micromolar 
concentrations of purines, such as ATP and GTP [35]. Muscle 
cells can release purines as a consequence of microlesions, or more 
extensive lesions (as well as during physical exercise), or of the 
lowering of the pH [36]. Therefore purines can act on the same 
skeletal muscle cells with autocrine and paracrine mechanisms, 
with the activation of P2 and/or P2-like receptors [37,38]. In the 
skeletal muscle C2G12 cell line, the activation of ATP and GTP 
receptors leads to intracellular Ca + level increases that are due to 
the release of Ca + from intracellular inositol- 1,4,5-trisphosphate- 
sensitive stores [29]. In differentiating C2C12 myoblasts, as well as 
in other cell models, extracellular GTP activates a metabotropic 
cascade that leads to transient intracellular Ca 2+ mobilization, the 
consequent activation of the intermediate Ca 2+ -activated K + 
channels (IKca)> and hyperpolarization of the plasma membrane 
[39,40]. At the same time, Ca 2+ released from internal stores 
induces a proliferative boost, and increases the number of cells that 
express the myosin heavy chain proteins and at least three genes 
involved in myogenesis: Pp3ca, Gsk3b and Pax7 [40,41]. Taking 
into account that due to the position (below the basal lamina) of 
the satellite cells they are directly influenced by the activity of the 
muscle fibres, it is possible that any modification of the fibre 
'niche', including released factors and purines, can affect the level 
of activation of satellite cells. 

Our data show that at physiological external concentrations, 
ATP and GTP induce a more rapid Ca 2+ mobilization in muscle- 
derived cells derived from the mIGF-1 transgenic mice, as 
compared to the wild-type cells. During repetitive stimulation of 
skeletal muscle, extracellular ATP levels raise, which activates 
purinergic receptors, and thus increases Ca 2+ influx, and enhances 
the contractile force, a response that is known as potentiation [42] . 
In cultured myotubes, this ATP-induced potentiation might be 
represented by the greater velocity of the Ca 2+ rise rather than a 
higher Ca 2+ level, which might be due to a more controlled in 
vitro extracellular environment with respect to what happens in 
vivo. This evidence might explain the potentiation induced in the 
MLC/mIGF-1 transgenic mice by ATP and GTP, which induced 
higher and more rapid Ca 2+ responses. In addition, considering 
that GTP can also potentiate muscle activity [43,44], we can 
hypothesize that the repetitive contractions induced in the mIGF- 1 
transgenic mice might evoke a 'potentiation effect' higher than 
that obtained in the wild-type muscles. Del Prete and colleagues 
[8] showed that in MLC/mIGF-1 transgenic mice, the fast- twitch 
fibres of the extensor digitorum longus had increased absolute 
tetanic force and absolute maximum power, with respect to those 
of the wild-type extensor digitorum longus. This finding is not in 
contrast with the possibility that the purines secreted during 
contraction (from many fibres simultaneously) can reach levels that 
can induce the potentiation of the whole muscle. 

The data in the present study show that about 50% of the wild- 
type myoblasts are responsive to 300 u,M GTP, which increases to 
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about 90% in the MLC/mIGF-1 transgenic myoblasts. This 
response appears to provide evidence of the better myogenic 
properties of the MLC/mIGF-1 transgenic cells, considering that 
GTP acts via two specific binding sites with different affinities, and 
in particular, that only the activation of the low-affinity GTP- 
binding site favours the fusion and myogenesis processes [29,40]. 

Of note, in the wild-type cells, GTP stimulated Ca + oscillations, 
which was not seen in the MLC/mIGF-1 transgenic myoblasts. It 
has been hypothesized that the molecular mechanisms responsible 
for intracellular Ca" oscillations depends on the biphasic (release/ 
uptake) regulation of the inositol 1,4,5-trisphosphate receptor by 
the cytosolic Ca 2+ . Generally, high frequency cytosolic Ca 2+ 
oscillations regulate fast responses, such as synaptic transmission 
and secretion, whereas lower frequency oscillations regulate slower 
processes, such as gene transcription [45]. In addition, physiolog- 
ical stimulation can drive gene expression by triggering local Ca + 
influxes, and not global intracellular Ca 2+ oscillations [46]. Thus, 
in cells that are conditioned by a continuous and persistent mlGF- 
1 action, as in those from the MLC / mIGF- 1 transgenic mice, the 
response to additive differentiative factors, such as GTP, might be 
modified, such as the early intracellular Ca 2+ level increase. Under 
the experimental conditions of the present study, the GTP-induced 
intracellular Ca 2+ oscillations, observed in wild-type myoblasts, are 
replaced by the more rapid intracellular Ca 2+ level increase in the 
MLC/mIGF-1 transgenic cells. 

In conclusion, the data provided by the present study indicate 
that the functional properties of these MLC/mIGF-1 transgenic 
satellite cells are mostly different from those of the wild-type cells. 
In particular, this mIGF-1 overexpression leads to changes in the 
control of intracellular Ca 2+ handling, these are both quantitative 
(velocity, amplitude) and qualitative (absence of the GTP-induced 
intracellular Ca 2+ oscillations). This is due, at least in part, to 
changes in the physico-chemical state of the sarcolemma 
(increased oxidation of membrane lipids, increased output 
currents) and to increased expression of DHPR voltage-operated 
Ca 2+ channels. 

Of particular interest, ATP and GTP evoked intracellular Ca 2+ 
mobilization to a greater extent in the MLC/mIGF-1 transgenic 
cells, with respect to wild-type cells, and this might explain both 
the potentiation and activation of myogenesis. Although further 
investigations are necessary to define whether these changes are 
directly involved in the mechanism(s) underlying the hypertrophic 
status of the transgenic muscle, it can be hypothesized that the 
sensitivity of these MLC/mIGF-1 transgenic cells towards non- 
canonical myogenic factors, such as the purines, appears to be a 
specific mechanism involved in the effects induced in vivo by the 
overexpression of mIGF- 1 . 
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